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Aeolian transport eventsCoastal dunes are the primary defence protecting the coastline from the destructive forces of the sea in
The Netherlands. Aeolian processes are important in this context as they contribute to dune accretion and
thus the safety of the coastal hinterland. In this study, we analyze horizontal and vertical variability of
event scale aeolian sand transport on a wide beach on the island of Ameland, The Netherlands. Data were
obtained from a meteorological station, groundwater monitoring wells and a camera installed on the
beach. Fifteen aeolian transport events (two involving onshore winds, seven longshore and six offshore)
were measured using a comprehensive grid of 37 customized MWAC traps. The highest sand transport
rates and largest variability was found for alongshore events. Surface moisture, governed by groundwa-
ter, was found to be an important controlling parameter for aeolian transport rates and vertical ﬂux pro-
ﬁles. Groundwater levels were largely dominated by beach inundation, inﬂuencing the groundwater table
for a two week period. Variations in vertical ﬂux proﬁles between traps were larger for wet sand trans-
port events than dry ones. In general, sand transport rates were highest at the foreshore and lowest at the
dune toe. Sand transport dynamics are dependent on local conditions such as beach dimensions, beach
orientation and also meteorological and surface characteristics. Moderate (high frequency, low
magnitude) events are also capable of transporting large amounts of sand. Future studies should include
spatially explicit measurements of elevation and surface moisture to obtain a more complete understand-
ing of the complex sand transport dynamics.
 2014 The Authors. Published by Elsevier Ltd. This is anopenaccess article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Sand dunes are of paramount importance in the Dutch coastal
defence system. Besides coastal defence, dunes deliver goods and
services such as recreational opportunities, drinking water and
nature development. This makes management of the coastal zone
complex, as it directly affects the functions of the dune system
[40,59]. In The Netherlands, increased levels of coastal erosion
due to sea level rise [90,70,41] form a direct threat to the coastal
zone and hinterlands, a large part of which is located below sea
level.
Since 1990, the Dutch coastline is maintained by sand nourish-
ments [75,37,80,24]. Recently, to mitigate against the effects of
coastal recession near Ter Heijde, a large nourishment involving
21.5 Mm3 was applied to the coast [71,49]. As marine and aeolian
forces are expected to redistribute sediment northwards along the10–20 km stretch of coastline, a single nourishment is thought to
be more efﬁcient, economical, and environmentally friendly com-
pared to multiple small-scaled nourishment practices. In order to
evaluate and predict the impact of management strategies on
coastal dunes, it is important to understand sediment transport
dynamics in the sandy beach zone.
However, the dynamics of aeolian sediment transport on bea-
ches are not fully understood because of their complex non-linear
character and large variability in space and time [8]. Aeolian pro-
cesses involve temporal scale resolutions ranging from seconds
[1,11] to minutes, hours, days [83,51,19], months, even years
[25,27,28,43,48,42]. However, it is difﬁcult to extrapolate event
scale measurements to meso-scale dune development, due to the
inherent scale problems between small scale process-based studies
and larger scale landform development processes [66].
Aeolian sediment transport has largely been investigated over
broad spatial and temporal domains in arid and semi-arid dryland,
non-coastal environments, using passive sand traps [14,77]. How-
ever, there exists very few studies of aeolian sediment transport
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spatio-temporal patterns of sediment transport and secondary
airﬂow under offshore winds, while Delgado-Fernandez and
Davidson-Arnott [28] provided the ﬁrst long-term record of aeolian
sediment transport, based on a combination of qualitative observa-
tions from hourly photographs, saltation probes and ED pins. Addi-
tional data on the dynamics of aeolian sediment transport over a
larger spatial and temporal domains would enhance our under-
standing of micro and macro scale interactions in two ways. Firstly,
continuous records of wind, sediment transport, and supply-
limiting factors in beach–dune systems over medium time scales
(periods of weeks to months) are lacking, especially in assisting
in our understanding of sand transport dynamics. Secondly, there
is limited high spatial resolution measurements of beach sand
transport.
In this study, we measured aeolian sediment transport events at
one of the beaches on the barrier island of Ameland, The Nether-
lands. In order to acquire high resolution measurements, we
deployed a comprehensive grid of sediment traps. The objective
of this study was to gain insight into event scale aeolian transport
patterns and magnitude over a wide beach. In this study, we mon-
itored, measured and analyzed surface moisture, meteorological
conditions, wind fetch and aeolian sediment transport for 15 dif-
ferent aeolian events. Variations in the horizontal and vertical dis-
tribution of sediment transport were analyzed with respect to
meteorological and surface moisture data.2. Materials and methods
2.1. Study area
Fieldwork was conducted from September to December 2010,
on a beach on the barrier island of Ameland, in the northwest of
The Netherlands (Fig. 1). A sandbar, which was called the Bornrif,
migrated towards Ameland and attached to the Western part ofAmeland
Study area
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Fig. 1. Arial photo of the western portion of the island of Ameland with the inset indicati
to The Netherlands (right image). Image from Poortinga et al. [57].the island in the mid 1980s and continues to migrate eastward
[17]. This sandbar developed into a curved sand spit (hook) at
the coast of west Ameland, with a small tidal lagoon in the middle.
The remnants of this hook are still visible in the digital elevation
map of Ameland (Fig. 1). Longshore drift from west to east has
helped shape the sand bar and its shoreline position. Since 1990,
the area to the west of the study site has been nourished with
approximately 2000 m3m1. The median grain diameter in the
study area was determined as 180 lm [57]. The semi-diurnal
tide has a mean tidal range of about 2.0 m at Ameland [79]. The
Ameland beaches are characterized as dissipative, due to the
mildly sloping surfzone around 1–2 [87], with the dominant
wind direction from the southwest.2.2. Data collection
In the study area, 37 Modiﬁed Wilson And Cook (MWAC) sand
traps, six groundwater monitoring wells, a camera and meteoro-
logical station were installed (Fig. 2). The meteorological station
was installed in the middle of the experimental site and consisted
of four anemometers, a windvane, tipping bucket and two salti-
phones. A CR10 Campbell datalogger was used to record the aver-
age data values every minute, except from the tipping bucket, as
this data were summed. Four anemometers measured wind veloc-
ity at heights of 0.2, 0.5, 0.8 and 2 m. The windvane was installed
on top of the meteorological station at an elevation of 2 m. The tip-
ping bucket measured with an accuracy of 0.2 mm.
The sand traps (MWAC) consist of bottles mounted on a pole
equipped with a sail to ensure that the inlet was always orientated
towards the wind. These MWAC’s were installed in a regular grid
with six rows (Fig. 2). The distance between traps within a row
was approximately 20 m. The distance between the rows was
roughly 25 m. Three different types of conﬁgurations were used:
‘the Bug’, ‘the Turtle’ and ‘the Tower’ (Fig. 3). Contrary to tradi-
tional layouts [85], a newly customized design was deployed withThe Netherlands
ng the location of the study area. At the top, the island of Ameland is shown relative
0 25 5012.5 Meters
Bug
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Fig. 2. The spatial distribution of the various instruments used in the ﬁeld experiment, displayed on a digital elevation map. The Bug, Turtle and Tower represent different
new designs of the MWAC (Fig. 3).
Fig. 3. The three different types of sand trap used in the study. The Bug design (a) has a total of six bottles (three on each side), the Turtle design (b) contains 4 bottles (two on
each side) in the original clips, and the Tower design (c) consists of three bottles mounted above each other.
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25 cm. The customized traps were part of a comprehensive set of
experiments which included the comparison of trap designs [57].
The different types of traps were randomly assigned to the sam-
pling locations in the experimental site. For every bottle, the eleva-
tion of its inlet was measured. Every day, the bottles were checked
for trapped sediment; an indication of aeolian sediment transport.
If sediment was captured in the bottles, the elevation of the inlet
was remeasured. Afterwards, bottles were removed and new bot-
tles connected to the trap, with elevation measured once again.
The content of the bottles was weighed.
The 5-megapixel time-lapse camera was installed on a pole on
top of the foredune. The camera was programmed to acquire an
image every ﬁve minutes during day light to monitor the study
area continuously. For one image, the positions of the MWAC traps
were used to create a georeferenced image (Fig. 4), and illustratethe coverage of the camera over the study area. Because of the obli-
que angle of the camera and a slight change in tilt caused by the
wind, it was not possible to apply this procedure to all images.
Six groundwater tubes were installed in a perpendicular tran-
sect from sea to dune to measure ground water level. The distance
between the tubes was approximately 20 m with groundwater lev-
els recorded daily relative to the Normaal Amsterdams Peil (NAP).
Two saltiphones were used to record saltation intensity
[68,69,88,58] at different locations in the study area (Fig. 2).
Surface elevation varied due to bedform development, but was
generally around 5 cm. The saltiphones were connected to a
CR10 datalogger with a digital pulse output signal. Every second,
the cumulative number of hits per second were recorded by the
datalogger, summed and registered over a one minute period.
Two data repositories were consulted to obtain cross-shore
beach elevation proﬁles and data on sea level, wave height and
Fig. 4. Image of study area taken by the time-lapse camera which was installed on the foredune.
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dataset [61]. This dataset contains annual cross-shore elevation
proﬁles of the Dutch coast over the period 1965 to 2012. The
2010 proﬁle of tranSection 3.8 was used in this study. More infor-
mation on this dataset can be found in various other studies (e.g.
[25,80,13,35,42]). Data with a resolution of 10 min of sea levels
were obtained from Wierumergronden (53.516, 5.958), while
wave period and wave height data were from Eierlandse Gat
(53.276, 4.661). Both datasets were obtained from the waterbase
[62].
2.3. Analysis method
2.3.1. Wind speed proﬁle and shear velocity
Wind data were used to estimate roughness length and shear
velocity using the law of the wall (Eq. (1)). Where uz represents
the wind speed at elevation z (m) above the bed, uH the shear
velocity (ms1), and k the von Karman’s constant (0.4). The
roughness length (z0) (m) is the height at which the time averaged
velocity approaches zero.
uz ¼ uHj ln
z
z0
ð1Þ2.3.2. Threshold shear velocity
An empirical approach was used to estimate the threshold shear
velocity. Eq. (2) was used to calculate the threshold for particle
movement [9]:
uHt ¼ A
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
gd
qs  q
q
 s
ð2Þ
The threshold shear velocity is represented by uHt (ms1), parame-
ters A, a dimensionless constant assumed to be 0.085 for the ﬂuid
threshold and 0.1 for the impact threshold. Gravity is represented
by g (ms2), d is the common grain size (m), qs the density of the
sediment (2600 kg m3) and q the density of the air (1.3 kg m3).
2.3.3. Sediment ﬂuxes
The amount of sediment (kg) captured in one bottle was multi-
plied by the area of the inlet in order to obtain a unit per area
(kg m2). An exponential decay function (Eq. (3)) was ﬁtted
through the data, where qz represents the sediment ﬂux (kg m
2),
z the elevation (m) and q0 and b are regression parameters. As the
curve rapidly approaches 0 kg m2, the formula was integrated
from 0 to inﬁnity (Eq. (4)), in order to obtain the total mass ﬂux
(Q) per crosswind area (kg m1). A total of 50 counts from the
two saltiphones was used to distinguish between periods with
and without saltation.qz ¼ q0ebz ð3Þ
Qz ¼
Z 1
0
qz@z ð4Þ
The Turtle and Bug design contain bottles on both sides of the pole
(Fig. 3), which might lead to uncertainties in the mass ﬂux estima-
tion due to variability in horizontal sediment ﬂux. In order to
account for these and other uncertainties, while maintaining an
acceptable number of measurement points, only vertical ﬁtting pro-
ﬁles with R2 > 0:95 and three or more bottles, were included in the
analysis. For the Bug, the middle bottle from the opposite side was
included for Eq. (3), in order to have a total of our measurement
points. In situations where the exponential ﬁt for both sides of
the Bug were found to be acceptable (R2 > 0:95), the average of
the two measurements, which were closely related for most mea-
surements, was taken. A more detailed analysis of the different
designs can be found in Poortinga et al. [57].
Coefﬁcient b (Eq. (3)) can also be used to determine the median
transport height (qz50). Eq. (5) was used to calculate qz50 (m) for
every measurement [57]. The spatial distribution of qz50 and Q
was investigated using an inverse-distance weighting algorithm.
Sediment ﬂuxes were calculated in unit per time using the actual
duration of the measurement. This data were used in the
inverse-distance weighting algorithm with a minimum of three
and a maximum of eight neighbors.
qz50 ¼
lnð2Þ
b
ð5Þ
The total amount of potential transport q (kg m1) [9] was
computed whenever uH exceeded uHt using Eq. (6), where C is a
dimensionless empirical constant (1.8), D the diameter of a stan-
dard sand (0.25 mm), d the mean grain diameter and g (ms2) the
gravitational acceleration.
q ¼ C
ﬃﬃﬃﬃ
d
D
r
q
g
u3H ð6Þ
The fetch effect is considered to be an important concept in aeolian
geomorphology and is deﬁned as the increase in sediment transport
rate with distance downwind from a boundary between an erodible
and non-erodible surface to a certain maximum [27]. Together with
the angle of wind approach, beach width constrains the maximum
fetch length. In turn, beach width is governed by sea level, tide and
wave-runup. As such, the effective beach width is dependent on sea
level, wave run-up and wind direction. Fig. 5 shows a cross-shore
representation of the study area with the width of the beach strip
(wf ), the still water level (swl), the deep water wave height (H0)
and wave period (T0).
The relation between runup height and offshore wave
conditions for low-slope, dissipative beaches [38,72] was used to
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Fig. 5. Cross-shore representation of the study area displaying the width of the beach strip (wf ), still water level (swl), deep water wave-height (H0) and wave period (T0). The
wave-runup (R2), derived from Eq. (7) and used to calculate wf , is indicated by a vertical dotted line with two horizontal arrows.
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the swl. The deep-water wavelength (L0), deﬁned by Eq. (8), was
calculated from T0 and the acceleration due to gravity (g; ms2).
The total water level determined the effective beach width, is indi-
cated with a vertical dashed line with two arrows in Fig. 9. As an
inland border, the 3 m +NAP was taken as the point where the pro-
ﬁle slope changes signiﬁcantly [80,13]. Given that the angle of
wind approach increases the maximum fetch (Fm; m) [12], the total
beach width in the direction of wind approach was then calculated
(Eq. (9)) from wf and wind direction perpendicular to the shore (a)
[16].
R2 ¼ 0:043ðH0L0Þ0:5 ð7Þ
L0 ¼ gT
2
0
2p
ð8Þ
Fm ¼ wfcosðaÞ ð9Þ
Delgado-Fernandez and Davidson-Arnott [28] distinguished trans-
port events fromwind events. They deﬁned a wind event as a period
of time when wind speeds exceed a pre-deﬁned threshold, whereas
a transport event was deﬁned as a wind event in which sand trans-
port on the beach was measured or observed. In this study, we
deﬁne a transport event as the period between the installation
and removal of the bottle, as the trap data represent the aggregated
data collected during this period. Thus an event, as deﬁned in this
study, can include multiple wind and transport events as per Del-
gado-Fernandez and Davidson-Arnott [28].3. Results
3.1. Beach morphology and ground water dynamics
During the ﬁeld campaign, the study area was inundated by the
sea on three occassions. Fig. 6a shows the swl;R2, groundwater
level and pictures for such an event. Fig. 6b shows the image taken
during this high water event. It can be seen that high sea-levels in
combination with high wave run-up led to inundation of the beach
(Fig. 6b). Inundation of the beach was short-lived (<1 h), but had
important impacts on beach surface characteristics and groundwa-
ter levels.
The prolonged effect of beach inundation on the surface charac-
teristics of the beach is shown in Fig. 6b. The wave impact removed
all bedform morphology, leaving a stagnant layer of water on the
lower areas of the beach. Groundwater levels remained elevated
for a period of two weeks (Fig. 6a: right). A visual analysis of the
images (Fig. 6b) indicates that, while the higher berm driesrelatively quickly, the lower zone between the berm and dune-foot
remained moist for a period of two weeks.3.2. Aeolian sediment transport events
From September 29 to November 10, 16 different aeolian trans-
port events were measured. However, due to a malfunction of the
equipment, only 15 events were included in the analysis. The
events were grouped based on wind direction (onshore, longshore
and offshore) and ranked based on median shear velocity. Onshore
winds represent a mean wind direction between 295 and 25
degrees, whereas offshore winds were measured between 115
and 205 degrees. Table 1 presents the data measured for these
15 events (ﬁrst two events occured under onshore winds, next
seven under longshore and last six under offshore winds). The
duration of the events varied between 2 and 70 h. Saltation activity
during the events varied between 18 min for event aI to 775 min
for event offIII. During 9 events, maximum rainfall of 6 mm was
measured during event offV. The R2 for the wind proﬁle regressions
were high for all events with a minimum of 0.97 for events longII
and longIII. The z0 varied between 0.01 mm for offIV and 3.76 mm
for longIII. For events with a period of onshore wind (onI, onII, aIV,
aVII and offVI), Fm was calculated. The minimum Fm during an
event varied between 150 and 170 m.
To analyze the effects of spatial variability in moisture content
on transport magnitude, a representative picture of the surface
conditions during the events was selected (Fig. 7) for visual inter-
pretation and categorization (wet, moist, dry). Categorization was
done based on color, rainfall and groundwater elevation, as no
quantitative data on surface moisture were available. Fig. 7 (top)
shows the surface conditions for events with onshore winds. Dur-
ing event onI, the surface is clearly dry, whereas onII was charac-
terized by rainfall and categorized as moist. For the longshore
events, one moist, three dry and three wet periods were measured
(Fig. 7 middle). Under offshore winds, three moist, a dry and two
wet periods were measured. Visual interpretation reveals that
the low-lying middle part of the beach is relatively wet compared
to the berm and dune-foot (events longI, longII, offII, offIII and
offV).
The distribution of shear velocities were plotted against the dis-
tribution of mass ﬂuxes. Fig. 8 shows the distributions for onshore,
longshore and offshore winds, with surface moisture categories of
dry (orange), moist (black) and wet (blue). It is evident that the
highest sediment transport rates were measured under longshore
winds. For the two events measured under onshore winds, there
is a clear increase in sediment transport rates with shear velocities.
However, for offshore and longshore winds, there is no clear
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Fig. 6. The effect of beach inundation on the surface characteristics. (a) The swl; R2 and groundwater level for September 25 (left), when the beach was inundated (see image
below). The right image shows the ground water levels for different days in the following days. The combined swl and R2 is also shown for these days. (b) Images taken with
the time-lapse camera (from left to right) for the inundated beach followed by succeeding days where the beach surface dried.
Table 1
Characteristics of the sixteen aeolian transport events recorded during the ﬁeld measurements on Ameland.
Event Date Duration (h) Saltation (min) Rainfall (mm) Fma (m) Z0 (mm) R2
onI 12 Oct 43 435 0.0 170 1.08 0.99
onII 14 Oct 22 412 0.8 170 1.12 0.99
longI 29 Sep 22 18 0.6 1.29 0.98
longII 9 Nov 24 359 3.2 3.19 0.97
longIII 9 Oct 5 291 0.4 3.76 0.97
longIV 19 Oct 2 56 1.2 155 0.60 0.99
longV 10 Oct 4 214 0.0 1.44 0.99
longVI 8 Oct 5 288 0.0 2.03 0.99
longVII 21 Oct 2 103 0.0 150 1.63 1.00
offI 2 Oct 22 287 1.4 0.44 0.98
offII 3 Oct 70 485 0.6 0.61 0.98
offIII 29 Oct 23 775 0.0 0.56 1.00
offIV 7 Oct 22 331 0.0 0.01 1.00
offV 25 Oct 21 360 6.0 0.29 0.99
offVI 10 Nov 21 229 1.8 165 2.35 0.98
a The minimum Fm during the event.
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ﬂux. Under longshore winds, event aI shows the highest sediment
ﬂuxes while shear velocities were lower compared to other long-
shore events. For event longVI, higher sediment ﬂuxes were mea-
sured compared to events longII, longIII and longIV, while shear
velocities were similar and the surface was dry at the latter events.
This is inconsistent with literature, as wet sand is expected to have
a higher threshold shear velocity compared to dry sand [18]. How-
ever, during event longVI, a layer of dry sand was transported over
a wet but relatively smooth surface; whereas events longII–IV
were characterized by appreciable bedform development (see
Fig. 7). Event longVII was characterized by the highest shear veloc-
ities, however, sediment ﬂuxes were lower on average compared to
event longIV. Three events with moist conditions and relatively
low shear velocities were measured under offshore winds. For
event offV and offVI, relatively high shear velocities were mea-
sured, with sediment ﬂuxes in the same order of magnitude com-
pared to event offIV, with a dry surface and lower shear velocities.
Thus, during events longI and offI-IV, aeolian sediment transport
was measured at shear velocities below the threshold shear veloc-
ity, as the meteorological station was located in the wind shadowof the dune, while the saltiphone was situated towards the
foreshore. During these offshore winds, sand transported at the
foreshore, was registered by the saltiphone.
The total amount of potential sand transport was calculated
using Eq. (6). Only periods with shear velocities higher than the
threshold shear velocity (uHt > 0:21; Eq. (2)) were included.
Fig. 9a shows potential transport according to wind direction for
the whole measurement period (Sept 29–Nov 10; see Table 1).
Fig. 9b however, only includes the periods where sediment traps
were deployed. The different colors indicate the contribution of
different categories of shear velocities. Thus, during the measure-
ment period, longshore winds had the greatest potential to trans-
port sediment. Winds from the south southwest had most
potential to transport sediment under offshore winds. For onshore
winds, most of the potential transport was controlled by strong
winds (uH > 0:25), whereas for longshore and offshore events, a
large portion of the total potential transport was controlled by rel-
atively mild winds (uH < 0:25). When we compare Fig. 9a and b,
the measured events mainly include relatively low shear velocities.
The difference in scale also reveals that only a portion of the total
potential sand transport was measured. However, Eq. (6) only
Fig. 7. For every event, a representative image was selected from the 5 min series obtained by the time-lapse camera. Onshore events are shown at the top, longshore events
in the middle and offshore events at the bottom. The events were categorized into three categories: wet, moist and dry.
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conditions such as rainfall.
Potential sand transport rates were compared with the mea-
sured data. Fig. 10 presents the measured sediment transport rates
as a percentage of calculated potential sediment transport. Median
transport rates were shown to be below potential transport rates
for all events. For events longI and longIV, some of the traps
collected more sediment than the potential transport rates. This
underestimation is caused by the spatial variability in wind
strength during periods of offshore winds. For all other events,
the percentage of actual transport as a function of potential trans-
port is in the same order of magnitude. No clear trends were found
in terms of wind direction, shear velocity and surface conditions.
Maximum sea and groundwater levels were analyzed for all
events. Groundwater and maximum sea levels (swl + R2) are shown
in Fig. 11. As differences in groundwater were relatively small
compared to a large increase in groundwater before event longVII,
we combined the maximum sea levels of most events to an aver-
age. In Fig. 11, sea level reached a maximum during a storm
between events longIV and longVII. During this storm, the beach
was inundated which led to an increase in groundwater elevation.0
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Fig. 10. The distribution of actual sediment transport as a percentage of the potential t
median, the think line includes 50% of observations and the thin line includes all observAlso, in event offV, groundwater is still relatively close to the sur-
face, as shown in Fig. 7. By comparing the amount of sediment
transport between the events after the storm (longVII and offIII)
with the event before the storm (longIV) (see Fig. 8), transport
rates were found to be signiﬁcantly lower after the storm, while
surface conditions were categorized wet for all events. This indi-
cates that surface moisture caused by high groundwater levels
have a more limiting effect on sediment transport rates compared
higher surface moisture levels caused by rainfall, as evident during
event longIV.
The height over which sediment is transported was studied
using the qz50 (Eq. (5)). Fig. 12 shows the distribution of qz50 (the
bars indicate the standard deviation) according to uH. The wetness
categorization of the events (wet, moist, dry) is indicated with dif-
ferent colors. From Fig. 12, it is clear that sand is transported over
higher elevations when wet. The median qz50 is lowest for dry
events, followed by moist and wet events, respectively. The stan-
dard deviation (i.e. the differences in qz50 between the traps), are
generally larger for the measurements under wet conditions, com-
pared to those that were collected under moist or dry conditions.
Furthermore, saltation height does not increase with uH.offII offIII offIV offV offVI
offshore
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The spatial distribution for different events is shown in Figs. 13
(for onshore and alongshore events) and 14 (for offshore events). A
windrose with the normalized wind velocity according to wind
direction was also included with colors of the axes indicating
whether the events were categorized as dry (orange), moist (black)
or wet (blue). Black dots indicate measurement points that were
included in the interpolation. The number and position of mea-
surements are not equal for all events, as measurements with a
higher degree of uncertainty (R2 < 0.95) were not included in the
analysis.
For the onshore and offshore events, some general patterns can
be distinguished. The two onshore events (Fig. 13) are character-
ized by lower sand ﬂuxes at the dune foot, compared to sand ﬂuxes
on the beach. For offshore winds (Fig. 14), the transport patterns
are quite similar, with higher ﬂuxes at the foreshore compared to
the backshore. This is mainly caused by the wind shadow of the
dune. However, the middle zone of the beach, which was relatively
wet during offII, offIII and offV (see Fig. 7) might also play a role
here. During event offVI, the wind direction varied between
onshore and offshore, which led to high transport rates at the
berm.
Most variability in aeolian transport patterns can be found for
longshore events (Fig. 13). Again, the lowest transport rates are
found at the dune foot. For event longI, high sediment transport
is evident at the berm. This is consistent with the surfacecharacteristics (see Fig. 7), where a band of dry sand is located at
the berm, whereas the middle zone of the beach was classiﬁed as
wet, limiting the supply of sediment in the upwind direction.
Surface characteristics were similar during event longII, with a
wet zone in the middle and a dryer zone at the berm. Transport
patterns are highest at the two foremost rows of sand traps, and
decrease in the direction of the dune-foot. While measured shear
velocities were highest during event longI, transport rates were
lower in event longII. This is most probably caused by the shadow-
ing effect of the dune for event longI, but also the prevailing wet
surface conditions.
In terms of surface characteristics, wind directions and shear
velocity, events longIII, longV and longVI were similar. Transport
rates during these events are in the same order of magnitude
(see Fig. 8). The patterns that were measured during these events
appear quite similar, with higher transport rates on the beach
and lower amounts at the dune-foot. Event longIV was measured
before the storm event and longVII after the storm event (see
Fig. 11). These are different from other longshore events as winds
come from the West, whereas winds were directed from the east
for the other events. Transport rates were highest in the middle
zone for event longIV, but were also quite high at the foreshore.
After the beach was inundated by the sea (event longVII), sediment
transport rates were lower compared to event longIV, while shear
velocities were considerably higher. Most sediment transport took
place in the middle zone. Fig. 7 shows that a layer of dry sand was
transported over a wet surface in the middle while the foreshore
was still wet.4. Discussion
Beach inundation due to high sea-levels and wave runup was
found to be an important factor in horizontal and vertical transport
patterns, as groundwater levels were impacted for a prolonged
period. In The Netherlands, high waves and surge levels are caused
by a combination of low-atmospheric pressure and strong winds
but also wind direction [86]. The geographic setting is important,
as winds from the northwest have the largest fetch, which, in com-
bination with the funnel-shape of the North Sea, results in higher
sea-levels and wave runup. Besides the consequent impacts on
the hydrodynamics of the coast, this affects aeolian processes
due to elevated groundwater levels. Our results are consistent with
the ﬁndings of Raubenheimer et al. [60]. They measured water
Fig. 13. The Q (g/m/s) for onshore (a) and longshore (b) events. A wind-rose is included with normalized wind velocities according to wind direction during saltation (>50
saltiphone counts). Colors of the axes represent the categorization as shown in Fig. 7, where orange, black and blue represent dry, moist and wet, respectively. The number of
measurement points are not equal for the different events, as measurements with a high degree of uncertainty were not included in the analysis. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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found that over-topping increased the water table for several days,
while semi-diurnal water table ﬂuctuation were damped almost
completely 100 m inland of the mean shoreline.
Our results indicate that higher surface moisture content leads
to transport over higher heights compared to dry surfaces, as
reported in the literature [32,53,47]. Furthermore, the data show
that mean saltation height does remain essentially constant with
an increase of uH for dry, moist or wet surfaces. This is in agree-
ment with the ﬁnding of Namikas [51], Namikas et al. [50], Rotni-
cka [65] and the model proposed by Namikas [52], that increasing
saltation impact energy levels that occur with large uH are dissi-
pated by bed deformation and increased impact entrainment
rather than contributing to larger saltation hops. The cohesive
forces imparted by water allow wet grains to resist entrainmentconsiderably more than dry grains, so that more impact energy is
retained on wet surfaces and thus higher saltation paths are gener-
ated. Speciﬁc interaction between rainfall and wind, also referred
to as splash saltation or splash drift was not taken into account
[74,64,63].
In this study, we used sand transport in unit per time to analyze
variability in the magnitude of aeolian sand transport at an event
scale. However, sand ﬂuxes in unit per time (Table 1) should be
considered as estimates rather than absolute values. Saltation
activity was deﬁned by an arbitrary value of 50 counts per minute.
During some events, aeolian sand transport was highly intermit-
tent [73,20], characterized by saltating streamers [5–7]. For these
events, the threshold of 50 counts per minute does not give an
accurate representation of the duration. Wetting and drying of
the top layer of the surface was observed to be an important
Fig. 14. The Q (g/m/s) for offshore events. A wind-rose is included with normalized wind velocities according to wind direction during saltation (>50 saltiphone counts).
Colors of the axes represent the categorization as shown in Fig. 7, where orange, black and blue represent dry, moist and wet, respectively. The number of measurement
points are not equal for the different events, as measurements with a high degree of uncertainty were not included in the analysis. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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combination of direct exposure to solar radiation and wind. As dry
sand has a lower threshold for transport compared to wet sand
[18,23], when these particles interact with wet particles on the
surfaces, they add extra momentum, causing detachment of these
particles. This effect of intermittent transport on a wet surface was
also reported by Davidson-Arnott et al. [23], Wiggs et al. [84].
Events longI, longIV and longVII, which accounted for the highest
amounts of sand transport in unit per time, contain measurements
in the same order of magnitude as found by Namikas [51],
Sherman et al. [67], Nordstrom et al. [56].
For all events, there is a decrease in aeolian sand transport rates
towards the dune foot. For offshore events, this is clearly caused by
the wind shadow of the dune. However, for onshore and longshore
events, the decrease could be linked with the vegetation boundary.
Arens [2] also reported a rapid decrease in sand transport land-
ward of the vegetation boundary. However, differences in deposi-
tion patterns caused by differences in vegetation density [3] and
patterns [89] were not measured. Furthermore, moderate events
can make a signiﬁcant contribution to total actual and potential
transport rates, dependent on local conditions as found by Delgad-
o-Fernandez and Davidson-Arnott [28]. They found that moderate
events can make a signiﬁcant contribution to total sand transport
rates. However, transport events that were directed towards the
dune and thus enabling coastal foredune development were gener-
ally high (uH > 0:25) during the measurement period. However,
measurements with high shear velocities only covered a fraction
of the total duration of the storm, as bottles on the sand traps were
quickly saturated.
Previous small scale studies have shown that spatio-temporal
variability decreases with an increase in sampling duration
[31,8]. In this event-scale study, we found that despite consider-
able variability between two closely located samplers, patterns
emerge that were consistent with wind direction and surface con-
ditions. Transport was generally highest at the berm and lowest in
the middle zone; while rates were higher for longshore compared
to onshore events. However, with only two onshore eventsrecorded, it is difﬁcult to determine if this was caused by the avail-
ability of upwind sand, the fetch effect or other environmental fac-
tors. Fetch was included in this study, as many studies also report
an increase in sand transport from the downwind distance of a
border between an erodible and non-erodible surface
[15,27,78,10,21,39,1,45]. However, the data in this study were col-
lected over hours, during which wind speed and direction varied.
Due to the coarse resolution of our trap data, it is difﬁcult to distin-
guish the fetch effect from meteorological factors, but also other
factors such as slope, changes in topography and surface moisture.
The reduction in variability with increase sampling times is also
reﬂected in the work of De Vries [25] and Keijsers et al. [42]. They
found that similar amounts of sand reach the foredune annually
with little correlation between meteorological conditions and
coastal foredune development. Simple empirical formulations such
as potential sand transport [9] or drift potential [33] will generally
not yield adequate estimations in coastal environments. At least,
estimations of sand input to dunes need to include spatial varia-
tions in sand availability that are largely controlled by topography
and moisture. For better estimations of sand input to dunes, spatial
variations in sand availability need to be included. These are lar-
gely controlled by topography and moisture, as shown here. By
matching regional transport potential with local sand availability,
event-scale predictions of sand input to the dunes can be
improved, as demonstrated by Delgado-Fernandez and Davidson-
Arnott [28].
Due to data limitations, parts of the analysis in this study have a
qualitative rather than a quantitative character. Factors such as
speciﬁc wind ﬂow patterns over the fore-dune and beach
[82,36,81], spatial variability in surface moisture and bed morphol-
ogy were not taken into account quantitatively. Furthermore,
transport rates were measured, whereas erosion and deposition
patterns were not. For future event scale studies, it is suggested
that quantitative surface moisture measurements [29,30,55], and
erosion and deposition patterns be included. State-of-the-art tech-
nologies such as unmanned aerial vehicles [46], or terrestrial laser
scanners [54] can be used to acquire very detailed spatially explicit
34 A. Poortinga et al. / GeoResJ 5 (2015) 23–35information. More insight into the drivers and transport patterns of
aeolian sand transport is especially important for the sustainability
of a heavily managed coast such as that of The Netherlands
[34,76,4]. In addition, this these data will allow us to further
improve model approaches [12,26,22], and better simulate the
impact of future management strategies such as mega-
nourishments on the coastal system.
5. Conclusion and recommendations
The horizontal and vertical distribution in aeolian sand trans-
port over a beach strip in relation to sea level, groundwater
dynamics and meteorological conditions was investigated at a
beach on the barrier island of Ameland in The Netherlands. High
sea level tides in combination with high wave runup, cause beach
inundation and leads to elevated groundwater levels for a period of
two weeks. Most sand transport took place during longshore
events. For onshore and offshore events, some general patterns
could be distinguished. However, for longshore events, more vari-
ability was found. High groundwater levels were shown to be more
supply limiting compared to rainfall events. It was conﬁrmed that
higher surface moisture levels lead to higher median saltation ele-
vations, where wet events have a higher range of median salation
elevations compared to dry ones. Transport patterns show low
transport rates at the dune toe and high transport rates at the fore-
shore, but also large variations over small distances. Sand transport
dynamics are mainly driven by local conditions, and moderate
events can make a signiﬁcant contribution to the total amount of
sand transport. For future studies, it is suggested that spatially
explicit measurements of elevation and surface moisture be
included.
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